Tendril
Introduction
The Passiflora genus (Passifloraceae) is represented by almost 600 species organized in 4 subgenera (Muschner et al., 2003; Hansen et al., 2006) . Most of these species are found in tropical regions and, among them, there is Passiflora edulis, the edible passion fruit. Two of Passiflora subgenera are species-rich: subgenus Passiflora with 236 species and subgenus Decaloba with 214 species. On the other hand, the subgenera Astrophaea and Deidamiodes have 57 and 13 species, respectively (Ulmer and MacDougal, 2004) . Among Passiflora species there is a great diversity of floral shapes and floral organ innovations such as the corona filaments, and the androgynophore, which reflects the adaptive plasticity driven by different pollination syndromes (Ulmer and MacDougal, 2004; Aizza and Dornelas, 2011) .
Most of Passiflora species show a clear juvenile stage, especially within the subgenus Passiflora. In P. edulis juvenile leaves are lanceolate while non-juvenile leaves are tri-lobed (Fig. 1A) . As the transition leaves become more complex, a meristem capable of making both a tendril and a flower is formed in their axils (Nave et al., 2010) . This meristem is present in axils of all non-juvenile leaves except for the first 2-3 leaves of every axillary shoot. Under environmental conditions in which flowers develop, they appear side-by-side with tendrils (Ulmer and MacDougal, 2004; Nave et al., 2010) . Passiflora species originated in ecosystems in which there is dense vegetation and competition for light. Thus climbing on other plants in order to reach regions with higher light using tendrils is an adaptive advantage.
Tendrils can be found in different plant taxa. In legumes such as pea, tendrils are modified leaves produced by the vegetative meristem but in grape vine tendrils are formed by the axillary meristems, which can originate either a tendril or an inflorescence (Gourlay et al., 2000; Calonje et al., 2004) . In the genus Passiflora, on the other hand, the same meristem produces a tendril and one or more flowers (Akamine and Girolami, 1959; Krosnick and Freudenstein, 2005; Nave et al., 2010) .
Here we show that flowers and tendrils share a common ontogenetical program and modifications/variations in this program by evolutionary, genetic and environmental mechanisms shape the plasticity in the fate of organs arising from axillary meristems in the genus Passiflora. As this developmental plasticity in one particular species (e.g. P. edulis) might be modulated by environmental clues (such as hormone concentration, photoperiod, and temperature) and is enclosed within the range of variability already existing among Passiflora species, we postulate that this plasticity might be under natural selection pressure. 
Results

2.1.
Variation of flower number and position in relation to the tendril among Passiflora species
There are notable differences in the inflorescence development and, consequently, differences in inflorescence architecture among Passiflora subgenera. Generally, species belonging to subgenus Passiflora produce a solitary flower and a tendril in the axil of the non-juvenile leaf. In contrast, plants from subgenera Astrophaea, Decaloba and Deidamioides produce two or more flowers and a tendril (Figs. 1 and 2) .
Here we analyzed in detail the ontogenesis of flowers and tendrils of P. edulis, Passiflora cincinnata and Passiflora galbana from subgenus Passiflora; Passiflora suberosa and Passiflora pohlii from subgenus Decaloba and Passiflora deidamioides from subgenus Deidamioides.
In all analyzed species, the youngest leaf primordia arising at the shoot apical meristem immediately produced two evident lateral bumps that originated the stipules . As new leaf primordia were formed, and previous ones got distanced from the shoot apical meristem, a rectangular group of meristematic cells became visible in the axils of the 3rd or 4th youngest leaf primordia. In all analyzed species, each of those axillary meristems produced a tendril primordium and one or two floral meristems. After five younger leaf primordia are formed, it was possible to distinguish the separation of the tendril primordium and floral meristems within the axillary meristem. At this stage the floral meristems already started the formation of the floral bracts . It has been suggested that these bracts are the by-product of a reduction of a more complex inflorescence, probably in an extinct ancestor (Krosnick and Freudenstein, 2005) . The primitive condition in the genus is the presence of only two small bracts on each peduncle and/or pedicel, as observed in P. deidamioides. The presence of three bracts is considered derived, although, by subsequent loss, a few species have reverted to a 2-bracteate condition (e.g. Passiflora hahnii and some forms of P. suberosa). Bracts vary greatly in size and form and were among the first characteristics used to define subgroups in the genus Passiflora (Ulmer and MacDougal, 2004) . They are often distinctive markers of sections: bracts in section Dysosmia are deeply dissected, with the segments often gland-tipped; there are no bracts in section Xerogona; bracts in subgenus Astrophaea are uniformly very small; bracts in series Tiliifolia are very large and fused together at their bases; and bracts in section Elkea are medium and united into a cup (Ulmer and MacDougal, 2004) .
The main difference among subgenus Passiflora (P. edulis and P. cincinnata), subgenus Decaloba (P. suberosa and P. pohlii) and subgenus Deidamioides development was that in subgenus Passiflora a single floral meristem was produced by the axillary meristem. When we compared the ontogenesis of the products of the axillary meristems of species like P. suberosa and P. pohlli (subgenus Decaloba), with the species from subgenus Passiflora, we observed that that the size of the structures were smaller, and the species of Decaloba produced two flowers per node, with the tendril primordium differentiating between them (Figs. 3 and 4). Differentiation was not uniform between the two flowers, one being always ahead in development when compared to the other. Subgenus Deidamioides, here represented by P. deidamioides, showed greatest similarities with the Decaloba in terms of the ontogenesis of the axillary meristem products, and also produced two flowers per node (Fig. 5) . Nonetheless, one remarkable developmental difference was the elongation of the base of the axillary meristem, likely due to later cell divisions below the point of tendril and flower differentiation (Fig. 5K ). This developed into what was termed an elongate peduncle (Krosnick and Freudenstein, 2005) .
2.2.
Plasticity of the axillary meristem within a species P. edulis was shown here (Fig. 1A) and before (Moncur, 1988; Nave et al., 2010) to normally form a single flower, alongside the tendril. This seems to be the set developmental program in these species, as described in different countries and different genotypes ( Pope, 1935 ; Sã o-José , 1991; Menzel and Simpson, 1994) . The fact that other species of the Passiflora genus show variation in structures from the axillary meristem might suggest that this program is genetically controlled and the existing alleles in P. edulis do not have the capability to ontogenetically direct an axillary meristem into a different program. Still, a strict developmental program can be compromised by mutations or environmental cues. One example is the suppression of floral bracts in different angiosperms such as grasses and Arabidopsis thaliana (Whipple et al., 2010) .
We tested this hypothesis by screening different genotypes of P. edulis and exposing a single genotype to both environmental and hormonal treatments.
The commercial cultivar 'Passion Dream' is a self compatible F1 hybrid (see Section 5) and it is vegetatively propagated. Selfed hybrid lines (F2 populations) have been shown to segregate for many traits (Nave et al., 2010) . Among 850 siblings of a progeny from self-fertilized cv. 'Passion Dream' we identified three that consistently produced, under field conditions, two flowers flanking a tendril in each node (Fig. 6) . The alleles of Fig. 5 -SEM of developing flowers and tendrils in P. deidamioides (subgenus Deidamioides). Top view of the shoot apical mer istem (A). Detailed developmental process of the axillary meristem (arrow in A), showing that from this meristem emerge the tendril primordia and two floral meristems (notice that one floral meristem is formed first than the other and the flowers are connected with the basal portion of the tendril (B-K). am: apical meristem, bl: bracteole primordium, br: bract primordium, fm: floral meristem; lp: leaf primordium, se: sepal primordium, sp: stipules. tp: tendril primordium, xm: axillary meristem, vm: vegetative meristem. Bars: A-E, F, H-J: 100 lm; G: 300 lm, K: 500 lm.
these lines originated from P. edulis purple or yellow passion fruit grown in Hawaii. Possibly these 2-flowered lines were caused by a unique combination of existing alleles, or a mutation.
We asked if the parental line, 'Passion Dream', could be induced to produce more than one flower per axillary meristem. We treated plants from this genotype with different growth regulators under different environmental conditions. We found that temporarily exposing 'Passion Dream' plants to warm (34/22°C day/night) temperature regimes under long photoperiods, and spraying the plants with commercial Cytokinins induced the formation of two flowers flanking a tendril primordium per node (Fig. 6) . Thus, environment and hormones can change the developmental program within a species, so that a novel program, similar to that found in other subgenera, is used.
Can we stretch the plasticity of the axillary meristem of 'Passion Dream' in a way that it will make organs not normally found in other subgenera? Plants of P. edulis cv. 'Passion Dream' exposed to short photoperiods (9/15 light/dark regime) and extreme day/night temperature shifts (34/10°C) transformed some of the axillary meristems into a shoot-like leaf producing meristem (Fig. 7) .
Discussion
The assessment of phylogenetic relationships among species within Passifloraceae is a difficult task. The boundaries between subgenera, supersections, and also among species are inconspicuous and hard to define (Yotoko et al., 2011; Cervi and Rodrigues, 2010; Hansen et al., 2006; Mader et al., 2010; Ulmer and MacDougal, 2004) . This difficulty might be related to the wide variation in morphology present in the family as well as the different tempo and mode of evolution of these species, as it is well documented in the genus Passiflora (Yotoko et al., 2011). Here we showed that most of the morphological variation present in the genus Passiflora, the most species-rich genus in Passifloraceae, specifically the variation concerning the different products of the axillary meristems, which comprise a combination of flowers and a tendril, can be explained by plasticity normally restrained by genetic, hormonal and environmental constraints. Our results shed light on the possible ontogenetical mechanisms by which all the variation present in the proposed inflorescence architectures present in the family might have originated: our results indicated that, in Passiflora, the tendril is a modified reproductive shoot. As flowers are generally considered modified shoots (Wang and Li, 2008) and as the tendril position is generally associated to an inflorescence structure (data presented in this paper and also in Krosnick and Freudenstein (2005) and predicted by Cusset (1968)), we speculate that Passiflora tendrils might be modified flowers. More studies with molecular markers (e.g. the expression patterns of flower identity genes) should be performed to confirm or refute this proposition.
We showed that it is possible to modify, based on external signals, the predefined ontogenesis of a given inflorescence architecture (i.e. the single flower plus the tendril produced by P. edulis). It is clear that there is a basic molecular mechanism controlling the inflorescence architecture in angiosperms (see review by Benlloch et al., 2007) , and this basic developmental program can be switched with another in response to environmental cues (photoperiod, temperature) or internal cues (e.g. plant hormones; Wang and Li, 2008; Benlloch et al., 2007) . Accordingly, when the auxin polar transport was perturbed during early Arabidopsis flower development (either by the application of chemical inhibitors or as in pin1 mutants, see Okada et al., 1991) , flowers were transformed into structures that resembled tendrils, much as we have shown in Fig. 7 (see also the review by Barton (2010) ). Therefore, the existing plasticity observed within a given species may well be suited to be under natural selection, as this plasticity might increase the fitness of a population under environmental stress. We speculate that this plasticity might be related to altered expression patterns of conserved genes, known to modulate inflorescence architecture in angiosperms, such as APETALA1, LEAFY and TERMINAL FLOWER1 (see review by Benlloch et al. (2007) ).
Studies on the evolution of the inflorescence architecture in Passifloraceae have established that compound cymose inflorescences and the presence of a peduncle must be regarded as primitive features for the family, and this has been supported by the basal positions of genera with both elongate peduncles and higher order inflorescence branching such as Adenia, Mitostemma and Paropsia (Krosnick and Freudenstein, 2005) . Krosnick and Freudenstein (2005) considered the solitary flower and the tendril produced by species such as those belonging to genus Passiflora, subgenus Passiflora, as an inflorescence with reduced second order branches and the species producing it, as highly derived.
Other monotypic Passifloraceae genera such as Tetrapathaea and Hollrungia are morphologically very similar to each other and to Passiflora. Hollrungia and Tetrapathaea have branched cymose inflorescences with a terminal tendril (Krosnick and Freudenstein, 2005) . The main reason for the segregation of these species from Passiflora is their dioecy (Krosnick and Freudenstein, 2005) .
We have uncovered plasticity in a Passiflora species (P. edulis) that is well studied and documented due to its commercial importance. The rare occurrence of a second flower flanking the tendril of P. edulis was observed a long time ago (Cusset, 1968 and the references therein). Nonetheless, the ontogenetic nature of plasticity was not reported before. It might be that the chance combination of specific alleles present in the 'Passion Dream' genotype is unique in allowing this plasticity. Two flowers flanking a tendril were formed by adding Cytokinin to the existing genotype, and without any addition of hormones by a novel combination of the same alleles in an F2 progeny. Therefore, both genetic and environmental cues might modulate the developmental plasticity underlying the number of flowers a P. edulis plant is able to produce. The ability to modulate the numbers of fruits a plant is able to produce is of enormous economic importance.
In Israel, short photoperiods in winter are accompanied by low temperatures so that the combination of short photoperiods and extreme day/night temperature shifts are not common under field conditions. It would be of interest to study P. edulis germplasm in regions where such environmental conditions occur, and observe if this transformation of the tendril/flower producing axillary meristem into a leaf-producing meristem could be observed in other genotypes, and if it does, would such a change in program have any adaptive advantages.
Conclusion
The formation of tendrils and flowers in the genus Passiflora share common developmental and ontogenetic programs. The results of our study indicated that a plasticity normally restrained by genetic, hormonal and environmental constraints is probably at the base of the morphological variation among species, regarding the number of flowers and their distribution in relation to the tendril, as well as variation of these characteristics within a single economically important species, P. edulis, the passion fruit. We postulate that this plasticity might confer increased fitness under natural selection pressure and therefore changes in the genetic program underlying inflorescence structure might contribute to the formation of new species.
5.
Experimental procedures 5.1.
Plant material
Samples of P. edulis Sims., P. cincinnata Mast., P. deidamioides Harms, P. galbana Mast., P. suberosa L. and P. pohlii Mast. were collected from the Passiflora Collection at the Instituto de Biologia, Universidade Estadual de Campinas (Campinas, Brazil). The commercial cultivar of P. edulis designated 'Passion Dream', normally grown in orchards in Israel, was selected by Prof. Amos Blumenfeld and Moshe Goren (Agriculture Research Organization of Israel) from selected seeds provided by Dr. Francis Zee (U.S. Pacific Basin Agricultural Research Center, Hilo, Hawaii), from an open cross designed to create hybrids of yellow passion fruit (P. edulis Sims f. flavicarpa Deg.) and purple passion fruit (P. edulis Sims f. edulis). It is self compatible and its self progeny (F2) segregated for many traits (Nave et al. 2010) . Among 850 siblings of progeny from selffertilized cv. 'Passion Dream' we identified three that consistently produce, in field conditions, 2 flowers flanking a tendril in each node (Fig. 6) .
Plants of P. edulis cv. 'Passion Dream' ('PD') were grown in the experimental fields of the Faculty of Agricultural, Food and Environmental Quality Sciences, Rehovot, Israel. Alternatively, 'PD' plants were grown in cultivation chambers under controlled conditions (see Section 5.2 below).
Growth conditions
Controlled-environment glasshouse 'Phytotron' experiments were conducted at the Faculty of Agricultural, Food and Environmental Quality Sciences, Rehovot, Israel. The glass-covered growth rooms transmit approx. 80% of outside solar radiation. Long days LDs (16 h) were maintained by extending the natural daylength with supplementary lighting (3-5 lmol/m 2 s photosynthetically active radiation at plant level) using 75 W incandescent tungsten bulbs (LM960 Osram GmbH, Mü nchen, Germany). The day/night temperature regime was 22/16, 34/22 or 34/10°C. Changes between day and night temperatures were gradual, spanning 3 h.
Microscopy
For scanning electron microscopy (SEM) analyses, shoots apexes were infiltrated under vacuum alternatively in 4% (v/ v) paraformaldehyde in water (pH8.0) or in 5% (v/v) glutaraldehyde in 100 mM sodium phosphate (pH 7.2) and fixed at 4°C overnight, and then rinsed in phosphate buffer five times (10 min each time). Dehydration was performed in a series of increasing ethanol concentrations (25%, 50%, 75%, and 95%), 1 h each, and twice in 100% ethanol for 30 min each. Samples were dried in a C.P.D. (critical point dryer) 750 and then mounted on metal stubs. The dried mounted samples were coated with gold before being examined in a Jeol (JSM-5410 LV, Tokyo, Japan) or in a LEO 435 VP scanning electron microscope.
Plant growth regulator treatment
Plants of P. edulis cv. 'Passion Dream' growing in green houses received the following treatments:
5-Phenylcarbamoylamino-1,2,3-thiadiazole (Thidiazuron; Dropp. Bayer Crop Science, Monheim am Rhein, Germany). The commercial Dropp contains 500 g/l of Thidiazuron. Fifty parts per million of Thidiazuron was sprayed in plants that were grown under 34/22°C LDs. Phenotype was noticed by eye around 14 days after treatment.
Forchlorfenuron (FCF); ''Guliver'' (Yiangsu Institute, China), imported by Tarsis Agricultural & Industrial Chemicals Co. Ltd., Petah Tikva, Israel. ''Guliver'' is an aqueous solution of, a synthetic Cytokinin, at a concentration of 10 g/l. Concentration of FCF in spray was 10 ppm. We added 0.025% Triton X-100 as a surfactant. Spraying of plants was performed early in the morning.
